Vacuolar H + -ATPase ( V -m ) , an enzyme composed of multisubunits, is located in the membrane of intracellular organelles (e.g., lysasomes, and endosomes) and maintains the intraorganellar acidic pH by pumping protons across the membrane. Although there is growing evidence for some important role of V-ATPase in cell proliferation and differentiation, the hctional signifkane ofV-ATpase in vivo during "mall 'an development remains obscure. In the present study we investigated the expression and localization of mRNA for the 16 KD subunit of V-ATpase, an essential sector for enzymatic activity, in prenatal rat by Northern blot analysis and in situ hybridization with a specific oligonudeotide probe. With Northem blot analysis, consistent srpression of the mRNA was observed in the embryos throughout the period examined (EWE20). On in situ hybridization,
Introduction
The vacuolar H+-ATPase (V-ATPase) is a multisubunit enzyme that pumps protons into organelles such as lysosomes (Arai et al., 1993; Moriyama and Nelson, 1989b) , Golgi apparatus (Moriyama and Nelson, 1989a; Young et al., 1988) , chromaffin granules (Cidon and Nelson, 1986) . endosomes (Clague et al., 1994) , and synaptic vesicles (Moriyama et al., 1992; Moriyama and Futai, 1990) . The acidic internal environment generated by this enzyme is vital to various biochemical reactions inside these organelles. V-ATPase is composed of a hydrophobic membrane sector and a hydrophilic catalytic sector, and the 16 KD subunit is an essential component of the membrane sector, which is responsible for conducting protons across membranes (Kaestner et al., 1988; Arai et al., 1987; Sun et al., 1987) . Previously, the cDNAs encoding this subunit were cloned from bovine (Mandel et al., 1988) , yeast (Nelson and Nelson, 1989) , human (Gillespie et al., 1991) , mouse (Hanada et al., 1991) . and rat (Nezu et al., 1992) , and high levels of expression of this subunit were demonstrated in the kidney, brain, and adre-Correspondence ta Dr. Masayulcl Numata, Dept. of Anatomy, School of Medicine, Kanazawa University. Kanazawa, Ishikawa 920, Japan. mRNA signal was distributed with various intensities in both the epithelial and mesenchymal times at embryonic day 14 (E14). In E17 and E20 embryos, localization of strong signal became more restricted to distinct mesenchymal cells such as fibroblasts adjacent to the epithelia of skin, lung, and intestine, the cells of perichondrium, and myoblasts in the ptocess of fusion. These results suggest that V-ATPase performs specific functions during the later stages of embryogenesis, especially at sites of mesenchymal differentiation and epithelium-mesenchyme interaction. ( J Histocbem Cytocbem &: [761] [762] [763] [764] [765] [766] [767] [768] [769] 1995) KEY WORDS: Vacuolar H + -ATPase (V-ATPase); 16 KD subunit; Rat; Development; In situ hybridization; Myogenesis; Epithelium-mexnchyme interaction. nal glands of rats by Northem blot and Western blot analyses (Nezu et al., 1992) .
Treatment with bafilomycin AI, a selective inhibitor ofV-F;TPase (Crider et al., 1994; Bowman et al., 1988) , induced cell differentiation to PC12 cells and M1 cells (Kinoshita et al., 1994; k u r a and Ohkuma, 1991) . This inhibitor also suppresses proliferation of various other mammalian cell lines (Manabe et al., 1993; Ohkuma et al.. 1993 ). On the other hand, intracellular pH, which is partially regulated by V-ATPase, is believed to regulate the developmental processes of lower eukaryotes such as the slime mold (Gross et al., 1983) , sea urchin (Dube et al., 1985) , hydrozoan (Freeman and Ridgway, 1993) . and brown alga Kropf, 1993, 1994) . These results raise the question of whether V-ATPase is also involved in mammalian development. To examine this possibility, we analyzed the expression and localization of mRNA for the 16 KD subunit of V-ATPase in rat embryos by in situ hybridization. We found a distinct spatial and temporal expression pattern of the mRNA during the later stages of rat embryogenesis, implying that V-ATPase plays some crucial and specialized role in mammalian development.
Materials and Methods
Animals and Tissue Preparation. Pregnant Wistar rats were purchased from Sankyo Laboratories (Toyama, Japan) and kept under standard hous-NUMA'M. OHKUMA. ISEKl ing and feeding conditions. On Days 14, 17. or 20 of pregnancy [embryonic days (E) 14. 17 . and 201, the rats were sacrificed under ether anesthesia and the embryos were r e m m d , frozen promptly on crushed dry ice, and pooled at -8O'C until u x .
Robs. Synthetic oligbdeoxynucleotides were used as probes for Nonhem blot analysis and in situ hybridization. A 38-mer anti-xnse probe.
5'-A A T G A G G A G G C G E A T C ' I T L 4 C A X C I A T~T G A C T -Y complemen-
tary to nucleotides 483-521 of rat cDNA for the I6 KD subunit of V-ATF'asc (Nezu er al., 1992) . was synthesized by a Cyclone Plus DNA synthesizer. This portion had no sequence homology with any other cDNA as determined by the GenBank d a n k . For control acpcrimenrs. the coormponding x n x probe was also synthesized. The probes were labeled at the 3' end with [a-J*P]-dATP (222 TBqlmmol: Du Pont, Wilmington. DE) or (a-thio-"S]-dAlT (18.5 TBqlmmol: Du Pont) to specific activities of 2-5 x loR cpmlM using terminal deoxynucleotidyl transfcnsc ( T a h Shuzo, Kyoto. Japan).
Nonhem Bloc Analysis. Total RNA was isolated from pooled frozen embryos by the acid guanidinium thiocyanate phcnol-chloroform method (Chomczynski and Sacchi, 1987) . Total RNA samples (15 pg) were denatured by glyoxal and elcctrophorexd in a 1% agarose gel as described by Thomas (1980) . As a molecular size marker. an RNA ladder (BRL; Gaithersburg. MD) was u x d . The samples were then blotted onro a nylon membrane(Pal1 BioSupport: East Hills, NY)and cross-linked by w irradiation.
The membrane was pre-hybridized at 53'C for 2 hr with 1 M NaCI. 50 mM Tris-HCI (pH 7.5). IO x Denhardr's solution, 0.1% sukosyl. IO mM EDTA, and 250 pglml denatured salmon sperm DNA. Hybridization condirions were identical to t h o x of pre-hybridization, with the addition of "P-labeled probes. After incuhrion at 53'C for 16-24 hr, the membranes were washed in 2 x SSC at room temperature (RT) for 10 min. then twice inO.l x SSCwithO.l% SDSat60'Cfor 15 mincach,followcdbyexposure IO Kodak XAR film with intensifying screens at -8O'C for 48 hr.
In Situ Hybridization Analysis. Hybridization ofthe tissue smions wirh the oligonucleotide probes was performed esxntially U previously described (Numata et al.. 1994) . The frozen embryos were cut into 14 pm sagittal xctions on a cryostar and mounted on gelatin-coated glass slides. After being air-dried. they were fixed wirh 4% paraformaldehydel0.l M phosphate buffer (pH 7.2) for 15 min. washed with PBS containing 2 mglml glycine. acerylated with 0.25% acetic anhydridclO.1 M triethanolamine (pH 8.0). and prc-hybridized at RT for 2 hr. The (pre)hybridization solution was composed of 50% deionized formamide, 4 x SSC, 0.1 M phosphate buffer (pH 7.2). 1 x Denhardt's solution. 2% sarkosyl. 0.1 M dithiothreirol. 10% dextran sulfate. and 250 pglml denatured salmon sperm DNA. After rinsing with 2 x SSC and dehydration with a graded ethanol wries, the secrions were hybridized wirh the "S-labeled probes added at 5.0 x 10' cpm to 50 pI of (pre)hybridization solution for each slide. After incubation for 16 hr at 37'C. the slides were washed with three change of 0.5 x SSC plus 0.1% sarkosyl for a total rime of 2 hr at 5O' C and dehydrated with a graded ethanol xriescontaining 0.3 M ammonium acetate. The airdried slides were first exposed to Hypcrfilm-P Max (Amersham; Poole, UK) for 14 days for macroscopic autoradiography, and rhen were dipped in Kodak NTB-2 emulsion and exposed for 4 weeks at 4'C for microscopic auroradiography. After development in Kodak D19. the slides were stained with hemaroxylinleosin and examined with an Olympus BH-2 microscope under brightand darkfield conditions. The neptivc control acpcriments were performed either by adding a 250-fold excess of the cold probe to the hybridization mixture or by replacing the probe with the sense probe.
Results

Northern Blot Hybridzzation
By Northem blot analysis, two bands were detected throughout the embryonic developmental ages examined (Figure 1) The autoradiographic silver grains repmenting the mRNA signal for the 16 KD subunit of V-ATPase were accumulated over the double-layered undifferentiated epithelium (stratum basale and periderm) in the E14 embryos (Figure 3a) . At E17 (Figure 3b ) and E20 (Figure 3c ). the signal was detected predominantly on the mesenchymal cells contiguous to the epithelial layer, whereas the signal became much weaker in the epithelial cells.
In Situ Hybridization
Lung. At E14. when bronchial bnnchingwas not yet apparent. a weak mRNA signal for the 16 KD subunit of V-ATPase was distributed diffusely on the epithelial and mesenchymal components of elongating bronchi (Figure 4a ). At E17. when progressive branching of bronchial trees occurred. a substantial amount of signal was detected on mesenchymal cells underlying the epithelium and on epithelial cells. The signal became weaker in mesenchymal areas located farther from the epithelium (Figure 4b) . At E2O. the mRNA signal in the bronchial epithelium diminished. leaving the mesenchymal signal intact (Figures 4c and 4d ). At this stage. the alveoli began to be formed at the terminal bronchi, but little signal abow background level was detectable in the alveoli (data not shown).
Intestine. At E14. the wall of the gastrointestinal tract was composed of simple epithelium surrounded by mesenchymal tissue. A strong mRNA signal for the 16 KD subunit was observed predominantly on the epithelial cells. although a substantial amount of signal was also detected on mesenchymal cells ( Figure Sa) . At E17. the epithelium began to show protrusions and indentations. forming the intestinal villi. The mRNA signal was more intensively localized on the mesenchymal cells adjacent to the epithelium than on the epithelium (Figure 5b ). This pattern of signal distribution became more conspicuous at E20 (Figures 5c and Sd) .
Skeletal M d e . Although a law level ofmRNA signal for the 16 KD subunit of V-ATPase was distributed on myoblasts that were not yet aligned. the strongest signal was localized to the myoblasts at regions where the cells aligned longitudinally in the E17 and E20 embryos (Figures 6a and 6b ). As these aligned myoblasts became mature myotubes. the signal intensity decreased dnstically (Figures 6c and 6d) .
Cartilage. At E14. when ossification was not taking place. only a weak mRNA signal for the 16 KD subunit of V-ATPase was detected on the perichondrium (Figure 71) . At E17 and E20, when endochondral ossification WLS occurring, the perichondrium showed a substantial enrichment of signal (Figures 7b-7d ). Throughout the examined stages. little signal a h background was observed on the chondroblasa (Figures 71 and 7b) .
Other Organs and Tissues. A strong mRNA signal for the 16 KD subunit of V-ATPase was observed in the spinal ganglion at E17 and E20, where the silver gnins were distributed on all cell components (Figures 7c and 7d) . In all other organs and tissues. including brain, kidney, and adrenal gland, the signal was distributed weakly and diffusely without any regional enrichment.
Discussion
In the present study we have revclled the temporal and spatial aspects of the expression of the 16 KD subunit of V-ATpue in developing nt using a specific oligonucleotide probe.
The present Northern blot analysis demonstrated two RNA bands of 1.7 KB and 1.5 KB throughout the examined stages (E14-E20). Our recent study using the same oligonucleotide probe demonstrated only a single transcript of 1.7 KB in various adult organs, including the brain (Numata et al., 1995; and unpublished data) , suggesting that the 1.5 KB transcript is specific for the embryos at the examined stages. Recently, Sista et al. (1994) reported that Neurospora crussu produces two classes of 16 KD subunit transcripts differing in the length of the 3' untranslated region. Our present results may be indicative of the expression of different-sized species of transcripts for the 16 KD subunit of V-ATPase in rat development.
By in situ hybridization, we have demonstrated unique localizations of the 16 KD subunit transcript during the later stages of rat development. These include sites of mesenchymal cell differentiation, such as fusing myoblasts and the perichondrium of expanding cartilage, as well as sites of epithelium-mesenchyme interaction seen in the organogenesis of skin, lung, and intestine. In adult rat tissues, these regions have no apparent enrichment of the mRNA signal for the 16 KD subunit of V-ATPase (data not shown). On the other hand, previous studies in adult rats have demonstrated brain, kidney, and adrenal gland to be the major organs expressing the 16 msubunit ofV-ATPase (Nezu et al., 1992; Hanada et al., 1991) , whereas our present study revealed only low to intermediate levels of the mRNA signal in these organs throughout the embryonic stages examined. These results indicate that the 16 KD subunit of V-ATPase plays temporary biological roles in certain tissues during prenatal development of rat.
In contrast to the brain, a strong mRNA signal for the 16 KD subunit of V-ATPase was demonstrated in the spinal ganglia of E17-E20 embryos. The diffuse distribution pattern of the signal suggests that the mRNA is expressed not only in the neurons but also in glial cell components. The discrepancy between the scarcity in brain and abundance in spinal ganglia of the mRNA at E17-E20 may indicate that the maturation of neuronal functions related to V-ATPase takes place earlier in the peripheral nervous system than in the central nervous system. The present results on the distribution of mRNA for the 16 KD subunit of V-ATPase in embryonic tissues may be interpreted in terms of the known biological functions of V-ATPase. V-ATPase is primarily involved in regulation of the pH environment of the interior of various cytoplasmic organelles. This may lead to the enhancement of various enzymes in the organelles, including the lysosomal enzymes cathepsin B and D, which are proposed to take part in skeletal muscle differentiation (Bechet et al.. 1991; Tanji et al., 1991) . Intraorganellar pH may also affect the processing and transport of proteins from the tsuns-Golgi network to the cell surface (Cosson et al., 1989; Caplan et al., 1987) . The expression of V-ATPase in developing neurons may be explained in terms of the processing and transport of neurotransmitters as well as the membrane traffic along the elongating nons.
Alternatively, expression of V-ATPase in the embryonic tissues may bring about changes in the intracellular (cytosolic) pH. The cytosolic pH is proposed to be regulated by (a) metabolic oxidization of NADPH in the cytoplasm, (b) the action of the Na+.H+antiport at the plasma membrane, and (c) the action of V-ATPase at the organelle membrane (Nanda et al., 1992) . The cytoplasmic pH of macrophages and neutrophils is known to be regulated mainly by V-ATPase and to affect their migration activity (Bidani et al., 1994; Swallow et al., 1990) . V-ATPase also regulates the intracellular pH environment in glial cells (Pappas and Ransom, 1993) . Recently, it was reported in the brown alga that the intracellular pH gradient is essential for cell differentiation (Gibbon and Kropf, 1994) . Taking these results into consideration, it is possible that the temporary expression of V-ATPase in developing rat organs may also be related to the regulation of cytosolic pH.
A completely different interpretation for the present results must be taken into account. It was reported recently in Drosophila that ductin. a 16 KD protein that constitutes a type of gap junctional complex (connexon) as a homohexamer, may be identical in amino acid sequence to the 16 KD subunit of V-ATPase (Finbow et al., 1994) . Furthermore, transfection of the cDNA encoding ductin into a yeast mutant lacking the gene encoding the 16 KD subunit of V-ATPase complemented both the activity of V-ATPase and cell growth. These observations raise the possibility that the 16 KD pro- at (a,b) E17 and (c,d) E20 shown in bright-(a,c,d) tein of V-ATPase also serves as a gap junctional protein in the rat embryo. Cell coupling through gap junctions, which coordinates the activities of individual cells, may be involved in various aspects of embryogenesis (for review see Guthrie and Gilula, 1989 ). Recently, connexin 43, another gap junctional protein, was shown to be expressed temporarily in both epithelial and mesenchymal components at the tip of chick limb when epithelium-mesenchyme interaction occurs (Green et al., 1994) . The present results in rat embryos may be interpreted, at least partly, in terms of the 16 KD subunit of V-ATPase functioning as a gap junctional protein.
In conclusion, the present results indicate that the 16 KD subunit of V-ATPase is expressed predominantly in mesenchyme-derived cells at sites where extensive organ differentiation takes place in rat embryo. However, whether this protein is involved in the development of individual organs as a component of V-ATPase or as a component of gap junctional complex is yet to be clarified. An immunoelectron microscopic analysis will be of great help to solve this problem. Attempts to raise antisera against the 16 KD subunit are now in progress.
